Abstract: Cover crops (CC) improve soil quality, including soil microbial enzymatic activities and soil chemical parameters. Scientific studies conducted in research centers have shown positive effects of CC on soil enzymatic activities; however, studies conducted in farmer fields are lacking in the literature. The objective of this study was to quantify CC effects on soil microbial enzymatic activities (β-glucosidase, β-glucosaminidase, fluorescein diacetate hydrolase, and dehydrogenase) under a corn (Zea mays L.)-soybean (Glycine max (L.) Merr.) rotation. The study was conducted in 2016 and 2018 in Chariton County, Missouri, where CC were first established in 2012. All tested soil enzyme levels were significantly different between 2016 and 2018, irrespective of CC and no cover crop (NCC) treatments. In CC treatment, β-glucosaminidase activity was significantly greater at 0-10 cm depth in 2016 and at 10-20 and 20-30 cm in 2018. In contrast, dehydrogenase activity was significantly greater in NCC in 2018. Soil pH and organic matter (OM) content were found to be significantly greater in CC. Overall, CC have mixed effects on soil enzyme activities and positive effects on soil OM compared to NCC. This study highlights the short-term influence of CC and illustrates the high spatial and temporal variability of soil enzymes under farmer-managed fields.
Introduction
One of the major driving forces of environmental degradation, which has impacted both soil and water resources, is intensive agricultural practices [1, 2] . The use of cover crops (CC) is receiving increased attention for mitigating such environmental problems, in addition to providing yield and economic benefits to farming lands [3] . The potential contribution of CC to soil fertility and improved crop performance has made CC a viable option for sustainable agriculture [4] . Cover crops play an important role in improving the physical, chemical, and biological properties of soil [5, 6] . This includes improving soil organic matter content and characteristics, and thus overall soil quality [7] , as well as reducing greenhouse gas emissions from agricultural ecosystems by enhancing C sequestration [8, 9] .
Integration of CC into standard crop rotations can considerably increase soil microbial biomass [10, 11] , as well as microbial enzymatic activity [12] . Cover crops can increase soil β-D-glucosaminidase and β-glucosidase activity; however, the effects are not consistent spatially or temporally [13] . A study The effects of treatment (CC vs. NCC), landscape position, soil depth, and sampling time (year) on microbial enzyme activities, soil pH, and %OM were assessed using the general linear model (GLM) procedure and analysis of variance (ANOVA). Duncan's least significant difference (DLSD) test was used for identifying significant differences between the tested parameters at p < 0.05 level [30] .
Results and Discussion

Weather Conditions and Soil Sampling
Annual rainfall in 2016, 2017, and 2018 was 22%, 22%, and 24% below the normal 30-year average of 1026 mm (Figure 1 ). Specifically, during the cropping periods, rainfall amounts were 15%, 33% and 31% below normal for those years. The study site received 55 mm of rain from mid-March to mid-April before sampling in 2016. In 2018, the soil was sampled in May and the study site received 91 mm of rain from mid-April to Mid-May, resulting in relatively wet conditions prior to soil sampling in 2018 compared to 2016.
Cover Crop Effects with Time on Enzyme Activities
In 2014, two years after the initial CC establishment, VeVerka et al. [26] reported β-glucosidase levels in the range of 35-105 µg pnp g −1 dry soil h −1 under CC treatment at the same study site. In 2018, our study found the upper limit of the range had increased, with β-glucosidase levels ranging from 35 to 145 µg pnp g −1 dry soil h −1 , which was six years after the initial CC establishment. Similarly, dehydrogenase levels changed from 8.5-16 µg TPF g −1 dry soil h −1 in 2014 to 10-40 µg INFT g −1 dry soil h −1 in 2018. However, the enzyme β-glucosaminidase did not show such differences from 2014 to 2018. In our study, β-glucosidase and FDA enzyme levels in 2016 were significantly greater in both CC and NCC treatments compared to 2018. In fact, the β-glucosidase level in 2016 was 1.7 times greater under CC and 1.6 times greater under NCC compared to 2018 (Figure 2A no difference between 2016 and 2018 was found under NCC. In contrast, the β-glucosaminidase level in 2018 was 1.3 times greater in CC treatment compared to 2016, and in NCC, 1.1 times lower. Similarly, Mendes et al. [31] reported significant differences in β-glucosidase and FDA levels between 1995 and 1996 regardless of the treatments in a study conducted to identify winter cover crop effects on soil microbial activities. Relatively wet conditions in 2018 may have reduced overall enzyme activities in our study regardless of the treatment. It has been reported that irrigation and water management can change β-glucosidase, β-glucosaminidase and phosphodiesterase activities in cover crop-winter wheat and fallow-winter wheat rotations [32] . Soil microbial activities and soil water storage are purportedly negatively correlated, indicating the need for oxygen (O 2 ) for aerobic respiration by microbes [26, 33] . 
In 2014, two years after the initial CC establishment, VeVerka et al. [26] reported β-glucosidase levels in the range of 35-105 µg pnp g −1 dry soil h −1 under CC treatment at the same study site. In 2018, our study found the upper limit of the range had increased, with β-glucosidase levels ranging from 35 to 145 µg pnp g −1 dry soil h −1 , which was six years after the initial CC establishment. Similarly, dehydrogenase levels changed from 8.5-16 µg TPF g −1 dry soil h −1 in 2014 to 10-40 µg INFT g −1 dry soil h −1 in 2018. However, the enzyme β-glucosaminidase did not show such differences from 2014 to 2018. In our study, β-glucosidase and FDA enzyme levels in 2016 were significantly greater in both CC and NCC treatments compared to 2018. In fact, the β-glucosidase level in 2016 was 1.7 times greater under CC and 1.6 times greater under NCC compared to 2018 (Figure 2A) , while the FDA In 2018, β-glucosaminidase activity was significantly greater (p < 0.05) in CC treatment compared to NCC, wherein the CC treatment had 1.3 times higher β-glucosaminidase levels than NCC ( Figure 2C ). In contrast, the enzyme dehydrogenase showed significantly greater levels under NCC treatment compared to CC in 2018. However, the analysis did not show significant differences in β-glucosaminidase or dehydrogenase levels between treatments in 2016. There were no differences in β-glucosidase or FDA between CC and NCC treatments in 2016 or 2018. These enzymes decompose various organic materials [16] [17] [18] [19] [20] [21] [22] and higher accumulation of plant matter would presumably increase the activity of β-glucosaminidase and dehydrogenase. However, in our study, the similar enzyme activities in CC and NCC treatments imply the requirement of different plant materials to act as substrates for different microbial groups. Mbuthia et al. [34] found significantly higher rates of β-glucosaminidase in non-tilled CC treatment soil samples compared to tilled NCC treatment soil samples in a study conducted in Jackson, Tennessee. Nivelle et al. [35] reported differences in dehydrogenase levels due to tillage practices, but no significant difference due to CC treatment. In addition, VeVerka et al. [26] found no significant effects of CC and NCC on β-glucosidase, β-glucosaminidase, FDA, or dehydrogenase.
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Variation of Enzyme Levels with Soil Depth
The β-glucosidase level significantly declined with increasing soil depth, both in 2016 and 2018 ( Figure 3A ). In 2016, the 0-10 cm soil depth revealed a 1.5 times greater β-glucosidase level compared to the 10-20 cm depth and 1.8 times compared to the 20-30 cm depth. In 2018, the 0-10 cm depth had a 1.9 times greater β-glucosidase level compared to 10-20 cm and 2.4 times greater compared to 20-30 cm. However, β-glucosidase levels did not show differences between CC and NCC treatments at 0-10, 10-20 or 20-30 cm soil depths in 2016 or 2018. Levels of the enzyme FDA also significantly declined with increasing soil depth in both 2016 and 2018 ( Figure 3B ). In 2016, the first (0-10 cm) and third (20-30 cm) soil depths had FDA levels of 121 and 86 µg fluorescein g −1 dry soil h −1 , respectively, exhibiting a significant decline. This was reflected in the 2018 results, wherein the FDA levels again dropped significantly from 63 to 43 µg fluorescein g −1 dry soil h −1 for the first and third soil depths, respectively. Interestingly, in 2016, FDA levels did not show statistically significant differences between CC and NCC treatments at 0-10, 10-20 or 20-30 cm soil depths. However, in 2018, FDA levels were significantly greater at 0-10 and 10-20 cm soil depths in NCC compared to CC, with NCC having 10 µg fluorescein g −1 dry soil h −1 greater at 0-10 cm depth and 7 µg fluorescein g −1 dry soil h −1 at 10-20 cm. In contrast, β-glucosaminidase did not show a clear pattern with soil depth. The NCC treatment showed an increase in β-glucosaminidase with increasing soil depth from 0-10 cm to 20-30 cm in both years, while CC showed an increase with depth in 2018 and a reduction in 2016. VeVerka et al. [26] reported similar findings of significant increases (p < 0.01) in β-glucosaminidase activity with increasing soil depth. Further, in our study, β-glucosaminidase levels were significantly greater (9.7%) at 0-10 cm soil depth in CC compared to NCC in 2016; however, the difference was not significant in 2018 ( Figure 3C ). In contrast, β-glucosaminidase levels at 10-20 and 20-30 cm soil depths were significantly greater (1.4 and 1.5 times, respectively) in CC compared to NCC in 2018. Dehydrogenase levels also significantly declined with increasing soil depth, both in 2016 and 2018. The dehydrogenase level at 0-10 cm was 2.6 times greater compared to 20-30 cm in 2016 and 3.8 times greater in 2018. In 2018, dehydrogenase levels were significantly greater at 0-10 and 10-20 cm soil depths in NCC compared to CC. The differences were not significant in 2016 ( Figure 3D ). Other studies also have reported decreased enzymatic activities (arylsulphatase, β-glucosidase, phosphomonoesterases, urease, dehydrogenase, FDA hydrolysis, α-glucosidase, β-xylosidase, cellobiohydrolase) with increasing soil depth [36, 37] . The influence of a changing soil environment with increasing soil depth reduces the abundance, composition and functions of soil microbes [36] . An increase in clay content with soil depth in claypan soils decreases porosity and organic matter content, thereby decreasing aeration [26] . This, in turn, reduces the microbial population density and leads to lower soil enzyme concentrations with increasing soil depth. Also, compositional changes in microbes with increasing soil depth can change the types of soil enzymes secreted. This may also be a factor in the reported reduction in soil enzyme activities with increasing soil depth. 
Variation of Enzyme Levels with Landscape Position
In 2016 at the first soil depth, the β-glucosidase level was significantly greater at the summit (1.9 times) and backslope positions (1.6 times) compared to 2018. At the footslope position, there was no difference between the two years. In 2018 at the first soil depth, the β-glucosidase level was significantly greater (24%) at the footslope site under CC treatment compared to NCC ( Figure 4A ). However, β-glucosidase at the first soil depth did not show significant differences between treatments at the summit or backslope positions in 2016 or 2018. Similarly, no significant differences 
In 2016 at the first soil depth, the β-glucosidase level was significantly greater at the summit (1.9 times) and backslope positions (1.6 times) compared to 2018. At the footslope position, there was no difference between the two years. In 2018 at the first soil depth, the β-glucosidase level was significantly greater (24%) at the footslope site under CC treatment compared to NCC ( Figure 4A ). However, β-glucosidase at the first soil depth did not show significant differences between treatments at the summit or backslope positions in 2016 or 2018. Similarly, no significant differences were found between CC and NCC treatments for any landscape position at the second and third soil depths in 2016 or 2018. The FDA level at the first depth was significantly greater at the summit (3.4 times), backslope (2.9 times), and footslope (2.7 times) positions in 2016 compared to 2018. In 2018, the FDA level was significantly greater (36%) at the footslope site in NCC compared to CC. Dehydrogenase activity at the first soil depth did not show differences between the two years. However, in 2018, the dehydrogenase level was significantly greater (1.5 times) at the footslope position under NCC compared to CC. The differences between CC and NCC for dehydrogenase activity were not significant at other landscape positions. Finally, activity of the enzyme β-glucosaminidase was not different between treatments at any landscape position in 2016 or 2018. Overall, the results did not show significant differences in the enzyme levels among landscape positions. Similar results were reported by VeVerka et al. [26] on the same study site. Several other studies have also shown that cover crops can affect β-glucosidase and β-glucosaminidase activities; however, the effects are not consistent across locations and landscape positions [13] . For example, Udawatta et al. [17] reported no significant effects of landscape on enzyme activities in a study conducted in a temperate agroforestry practice after eight years of establishment. Another study conducted in Ohio reported similar findings with no significant changes in soil enzyme activities in response to different landscape positions [38] . The authors of these reports suggested that the influence of landscape position may have been masked by other factors affecting enzyme activity, such as soil organic matter quantity and quality, litter quantity, soil moisture, exchangeable Ca, and other soil physicochemical differences.
Cover Crop Effects on Soil pH and Percent Organic Matter
Soil pH was significantly greater in CC treatment compared to NCC at all three soil depths in 2018 ( Figure 5A ), demonstrating reduced acidity in CC soils compared to NCC. A similar outcome was reported in a study by Chavarría et al. [39] , wherein significantly greater pH levels were obtained in CC (pH = 5.78) compared to NCC (pH = 5.52). However, interestingly, a contradictory result was Overall, the results did not show significant differences in the enzyme levels among landscape positions. Similar results were reported by VeVerka et al. [26] on the same study site. Several other studies have also shown that cover crops can affect β-glucosidase and β-glucosaminidase activities; however, the effects are not consistent across locations and landscape positions [13] . For example, Udawatta et al. [17] reported no significant effects of landscape on enzyme activities in a study conducted in a temperate agroforestry practice after eight years of establishment. Another study conducted in Ohio reported similar findings with no significant changes in soil enzyme activities in response to different landscape positions [38] . The authors of these reports suggested that the influence of landscape position may have been masked by other factors affecting enzyme activity, such as soil organic matter quantity and quality, litter quantity, soil moisture, exchangeable Ca, and other soil physicochemical differences.
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Soil pH was significantly greater in CC treatment compared to NCC at all three soil depths in 2018 ( Figure 5A ), demonstrating reduced acidity in CC soils compared to NCC. A similar outcome was reported in a study by Chavarría et al. [39] , wherein significantly greater pH levels were obtained in CC (pH = 5.78) compared to NCC (pH = 5.52). However, interestingly, a contradictory result was obtained from a long-term study conducted in Tennessee, which found no significant differences in soil pH between CC and NCC treatments [34] . In this study, CC treatment showed significantly greater pH levels at the summit, backslope, and footslope positions for all three soil depths compared to NCC (Figure 6 ). Within the CC treatment, soil pH was not significantly different among summit, backslope, and footslope landscape positions at the 0-10 cm depth. In contrast, within the CC treatment, pH at the footslope showed significantly greater levels at the second and third depths compared to summit and back slopes. Within NCC treatment, pH was significantly greater at the footslope compared to the summit at the first and third soil depths. In this study, CC treatment showed significantly greater pH levels at the summit, backslope, and footslope positions for all three soil depths compared to NCC (Figure 6 ). Within the CC treatment, soil pH was not significantly different among summit, backslope, and footslope landscape positions at the 0-10 cm depth. In contrast, within the CC treatment, pH at the footslope showed significantly greater levels at the second and third depths compared to summit and back slopes. Within NCC treatment, pH was significantly greater at the footslope compared to the summit at the first and third soil depths. The %OM was also significantly greater in CC compared to NCC at all three soil depths in 2018 ( Figure 5B ). For the same study site, VeVerka et al. [26] reported no changes in %OM in CC treatment from 2012 to 2014, wherein the values for 2014 were 1.5-1.8% for 0-10 cm and 1.1-1.4% for 20-30 cm. In our study, the %OM in CC treatment ranged from 3.2-3.6% at 0-10 cm depth and 2.2-2.5% at 20-30 cm in 2018, six years after the initial CC establishment. Thus, according these results, CC management did not changed the %OM within the first two years after the initial CC establishment (2012 to 2014); however, CC was able to double the %OM from two to six years after the initial establishment, over the four years between 2014 and 2018. Although soil organic matter accumulation occurs over a longer period, the introduction of CC at this eroded site increased OM as compared to NCC in a short period. This suggests that even though the soil microbial enzyme activities did not show clear, consistent relationships with CC treatment and soil depth, CC was able to increase soil organic matter content. Chavarría et al. [39] found significant increases in soil organic carbon (SOC) in response to CC growth, finding that CC had 8.8% higher SOC compared to the control treatment. The %OM was also significantly greater in CC compared to NCC at all three soil depths in 2018 ( Figure 5B ). For the same study site, VeVerka et al. [26] reported no changes in %OM in CC treatment from 2012 to 2014, wherein the values for 2014 were 1.5-1.8% for 0-10 cm and 1.1-1.4% for 20-30 cm. In our study, the %OM in CC treatment ranged from 3.2-3.6% at 0-10 cm depth and 2.2-2.5% at 20-30 cm in 2018, six years after the initial CC establishment. Thus, according these results, CC management did not changed the %OM within the first two years after the initial CC establishment (2012 to 2014); however, CC was able to double the %OM from two to six years after the initial establishment, over the four years between 2014 and 2018. Although soil organic matter accumulation occurs over a longer period, the introduction of CC at this eroded site increased OM as compared to NCC in a short period. This suggests that even though the soil microbial enzyme activities did not show clear, consistent relationships with CC treatment and soil depth, CC was able to increase soil organic matter content. Chavarría et al. [39] found significant increases in soil organic carbon (SOC) in response to CC growth, finding that CC had 8.8% higher SOC compared to the control treatment. Ding et al. [7] also reported significantly greater soil organic matter (SOM) levels under CC compared to NCC in a study conducted in Massachusetts, USA.
At the 10-20 cm depth, %OM was significantly greater in CC compared to NCC at the summit, backslope, and footslope landscape positions-specifically 1.5, 1.2 and 1.4 times greater, respectively.
In the first and third soil depths, CC treatment showed significantly greater %OM levels only at the summit site compared to NCC (Figure 7 ). Within the CC treatment, organic matter percentage was not significantly different among landscape positions at any soil depth. VeVerka et al. [26] reported that the greatest organic carbon value was found at the summit position for both CC and NCC treatments, but the depth and landscape position effects were not significant between the two tested years (2012 and 2014) for soil organic carbon at the same study site. The results of our study demonstrated that CC growth increased soil organic matter levels at the summit position over the entire 0-30 cm depth and at backslope and footslope positions at 10-20 cm depth compared to NCC with time. The summit areas of the study site were flat and that may have allowed higher accumulation of organic matter under CC treatment. Sedimentation and accumulation of organic materials eroded from the backslope areas may have increased the organic matter levels in the footslope positions of the CC treatment.
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Ding et al. [7] also reported significantly greater soil organic matter (SOM) levels under CC compared to NCC in a study conducted in Massachusetts, USA. At the 10-20 cm depth, %OM was significantly greater in CC compared to NCC at the summit, backslope, and footslope landscape positions-specifically 1.5, 1.2 and 1.4 times greater, respectively. In the first and third soil depths, CC treatment showed significantly greater %OM levels only at the summit site compared to NCC (Figure 7 ). Within the CC treatment, organic matter percentage was not significantly different among landscape positions at any soil depth. VeVerka et al. [26] reported that the greatest organic carbon value was found at the summit position for both CC and NCC treatments, but the depth and landscape position effects were not significant between the two tested years (2012 and 2014) for soil organic carbon at the same study site. The results of our study demonstrated that CC growth increased soil organic matter levels at the summit position over the entire 0-30 cm depth and at backslope and footslope positions at 10-20 cm depth compared to NCC with time. The summit areas of the study site were flat and that may have allowed higher accumulation of organic matter under CC treatment. Sedimentation and accumulation of organic materials eroded from the backslope areas may have increased the organic matter levels in the footslope positions of the CC treatment. Previous studies indicate that cover crops and organic matter addition can increase soil microbial population and diversity [40] , and that the quantity and biochemical characteristics of available OM may contribute to differences in enzyme activities [17, 41] . The results of our study indicate a clear increase of OM content with CC use, but the observed patterns of enzyme activities in response to CC was neither consistent with time nor significantly greater for all four tested enzymes compared to NCC.
Conclusions
All tested soil enzyme levels were significantly different between the two years-2016 and 2018-irrespective of CC or NCC treatment. We found significantly greater (p < 0.05) β-glucosaminidase concentration in the CC treatment compared to NCC in 2018, with the CC treatment having a 1.3 times higher β-glucosaminidase level compared to NCC. In contrast, the enzyme dehydrogenase showed a significantly greater level in the NCC treatment compared to CC in 2018. Most enzyme activities significantly decreased with increasing soil depth. The interaction of landscape position with enzyme activity was not significant. Soil pH and %OM was found to be significantly greater in CC compared to NCC in 2018.
Short-term and long-term studies conducted with clear statistical designs in research centers have shown increased soil microbial enzyme activities in response to CC management, tillage, and crop rotations [34, 39, 42] . However, with on-farm research, the real farmer field conditions are different from managed, small-scale research plot studies. Our study-conducted on a farmer-managed field-demonstrated higher spatial and temporal variability in soil microbial enzyme activities, soil pH, and %OM in response to CC and NCC treatments, landscape positions, and soil depth. The findings from this study emphasize the importance of long-term farmer field studies with standardized management and sampling protocols to confirm CC effects on soil microbial enzyme activities and other soil quality parameters. 
